X-rays are widely applied in the medical field for the diagnosis and treatment of diseases. Among the uses of X-rays in diagnosis, computed tomography (CT) has been established as one of the most informative diagnostic radiology examinations. Moreover, recent advances in CT scan technology have made this examination much easier and more informative and increased its application, especially in Japan. However, the radiation dose of CT scans is higher than that of simple X-ray examinations. Therefore, the health risk of a CT scan has been discussed in various studies, but is still controversial. Consequently, the biological and cytogenetic effects of CT scans are being analyzed. Here, we summarize the recent findings concerning the biological and cytogenetic effects of ionizing radiation from a CT scan, by focusing on DNA damage and chromosome aberrations.
INTRODUCTION
Applications of radiation in medicine, such as for the diagnosis of diseases or injuries, started just after the discovery of X-rays in 1895. One of the most common usages of radiation in current medical diagnosis is computed tomography (CT) using X-rays, since CT scan images provide more detailed information than that provided by simple X-ray examinations. In addition to facilitating the diagnosis of various diseases, including cancer and vascular diseases, CT scans are useful in the follow-up care of cancer patients (for estimating the effectiveness of therapy, by examining the tumor size and detecting metastasis). Recent advances in CT scanning technology now allow the acquisition of appropriate images within a short scanning time and enable the examination of children without anesthesia [1] . Due to these benefits and technological advancements, CT scans are gaining popularity around the world.
However, the use of X-rays is a double-edged sword. On the one hand, doctors can make an accurate diagnosis of diseases with the information provided by diagnostic imaging, and improve the prognosis of cancer patients through radiation therapy. On the other hand, medical radiation has become a major source of radiation exposure for the general population. Since the increased risk of leukemia and solid cancer after high-dose irradiation has been reported in various studies, including the epidemiological studies of A-bomb survivors in Hiroshima and Nagasaki, the effects of medical radiation have become a public health issue [2] [3] [4] . Several reports concerning the cancer risk after medical radiation imaging, such as CT scans, have been published. Brenner et al. first reported the quantitative estimates of radiation risks associated with pediatric CT [5] . In 2012 and 2013, large cohort studies of the cancer risks in people exposed to CT scans in childhood provided evidence of the association between cancer risk and CT scans [6] [7] [8] . In contrast, other studies failed to observe the association of childhood cancer risk with medical diagnostic radiation [9, 10] . Therefore, it is difficult to draw a conclusion about the health effects of medical diagnostic imaging radiation from these cohort studies [11] .
Ionizing radiation induces various types of DNA damage, including DNA double-strand breaks (DSBs). The DNA damage is normally repaired by the corresponding DNA repair system. However, if mistakes are made in the repair of the damaged DNA, then the genetic information may be changed, leading to health effects such as cancer and vascular events. Therefore, accurately quantifying the amounts of DNA damage, especially DSBs, induced by ionizing radiation is important in studying the effects of medical radiation exposure. Various proteins related to the DNA damage response or DNA repair, including the phosphorylated form of histone H2AX (γ-H2AX), form 'radiation-induced foci' at sites with DNA damage. Therefore, the analysis of γ-H2AX foci has been applied to examining the radiation effects of CT scans.
Several methods have been developed for estimating the radiation dose in the field of radiation emergency medicine. Among the biological dosimetry procedures applied in radiation emergency medicine, conventional chromosome analysis using Giemsa-stained samples to detect dicentric and ring chromosomes has been established as the gold standard [12] . However, the analysis of Giemsastained chromosomes is time-consuming and requires well-trained technicians. Therefore, other methods, such as the fluorescence in situ hybridization (FISH) technique and the micronuclei (MN) assay, have been developed to overcome the weak points of Giemsa analysis and to facilitate dose estimation.
The biological effects of low-dose medical radiation exposure, including that from CT scans, have been investigated by using these molecular biological and cytogenetic methods, normally applied in radiation emergency medicine. Here, we summarize the reports related to the effects of CT scans, one of the major radiation sources in medicine, to discuss the biological effects of medical radiation exposure on human chromosomal DNA (Fig. 1) .
QUANTIFICATION OF MEDICAL IRRADIATION-INDUCED DNA DAMAGE BY THE
γ -H2AX FOCI ASSAY γ-H2AX focus formation after induction of DNA damage
The histone variant H2AX becomes phosphorylated at Ser139 by PIKK family kinases, such as ataxia telangiectasia mutated (ATM), ATR or DNA-PK, after the induction of DNA damage, and is referred to as γ-H2AX. γ-H2AX accumulates at a site containing a DSBs to form a focus within several minutes after ionizing irradiation exposure (Fig. 1A ) [13] [14] [15] . The number of γ-H2AX foci in cultured cells reaches a peak within 60 min after irradiation in vitro and shows a linear correlation with the exposed dose, even within the low-dose range of <100 mGy [16, 17] . Given their easy sampling and circulation throughout the body, human peripheral blood lymphocytes (PBLs) are most commonly used to assess the DNA damage induced by CT scans. Several studies have reported the increase in γ-H2AX foci in PBLs after CT scans in vitro and in vivo ( Table 1 ). The CT dose index (CTDI), the dose length product (DLP) and the size-specific dose estimates (SSDEs) are the parameters used for estimating the dose absorbed during a CT scan. The γ-H2AX foci assay revealed that the DNA damage induced by a CT scan correlated with the CTDI, DLP and SSDE [18] [19] [20] . These findings suggest that CT scans induce DNA damage in PBLs in a dose-dependent manner.
Following the formation of γ-H2AX foci, the DNA repair pathway is activated and DNA repair proteins accumulate at sites with damaged DNA. It is commonly accepted that the disappearance of γ-H2AX foci suggests that the DNA damage has been repaired. After the peak of the γ-H2AX focus formation,~1 h after the induction of DNA damage, the number of foci decreases and returns to almost the basal level at 24 h after radiation exposure [18, 21] . Therefore, the rapid kinetics of γ-H2AX foci formation may lead to underestimation of the amount of DNA damage induced by radiation. To avoid this underestimation, the phosphatase inhibitor calyculin A has been employed to prevent the disappearance of γ-H2AX foci. Calyculin A itself does not induce DNA damage, and a treatment with 1 nM calyculin A reportedly inhibited the decrease in γ-H2AX foci in irradiated cells [22, 23] . When compared with patients' blood treated with calyculin A, the number of CT-induced γ-H2AX foci in blood without treatment was lower by~35% [23] . Hence, calyculin A would be useful for enhancing the accurate detection of CT-induced DNA damage by disturbing the time-dependent disappearance of γ-H2AX foci.
Enhancement of DNA damage induction by contrast media
Contrast media are used to enhance the contrast of human internal organs, structures or fluids within the body in CT imaging. Contrast media reportedly lack intrinsic genotoxicity detectable by the γ-H2AX assay [24, 25] . However, increases in CT-induced DNA damage by contrast media have been reported by several groups [16, 21, 24, 26] . In those studies, the number of radiation-induced γ-H2AX foci was associated with the concentration of the contrast media. A significant increase in radiation-induced DSBs caused by contrast media was observed when the blood concentration of iodine was >17.5 mg/ml, in an in vitro study [24] . Wang et al. reported a slight but significant increase in γ-H2AX foci in PBLs from patients after the injection of contrast media but before the CT scan [27] . However, several studies have also shown that the administration of contrast media within the pharmacologically appropriate concentration range and a radiation dose corresponding to that of a CT scan failed to enhance the induction of DNA damage [17, 19, 28] . Although further studies are required in order to clarify the enhancement of DNA damage by and the organ toxicity of contrast medium, the enhanced radiation effect associated with contrast medium may be due to the secondary electrons generated during a contrast-enhanced CT scan [29, 30] . Through dose estimation from the change in attenuation measured in Hounsfield units, some studies have revealed an increase in the radiation dose in several organs after contrast-enhanced CT as compared with un-enhanced CT [31, 32] . Therefore, the enhancement of radiation-induced DNA damage by contrast media is still controversial.
The advantages and disadvantages of the γ-H2AX
foci assay
Among the various methods for detecting radiation-induced DNA damage, the γ-H2AX foci assay is one of the fastest methods, and can be completed within several hours of the collection of blood samples. Furthermore, the γ-H2AX foci assay is a sensitive method that can detect DNA damage induced by X-ray irradiation at 1 mGy [33, 34] . Therefore, the γ-H2AX foci assay is an ideal method for analyzing the DNA damage induced by medical diagnostic radiation exposure, such as from a CT scan.
Manual quantification of the γ-H2AX foci, however, is laborious and time-consuming work. Therefore, image analysis software, such as Image J and FociCounter, is used for the quantification of γ-H2AX foci [13, 35] . Several microscope systems allow automatic image capture and quantification of foci, including the MetaCyte (MetaSystems GmbH, Germany) and In Cell Analyzer (GE Healthcare) systems [20, 36] . Although it is possible to count the numbers of γ-H2AX foci automatically using these software and microscope systems, the parameter values used to detect γ-H2AX foci, such as focus size or intensity, must be determined and implemented subjectively by operators. This could lead to inter-or intralaboratory variations, even for the analysis of the same samples [37] . Besides this problem, differences in the quality or sensitivity of the antibodies used for the detection of γ-H2AX foci, could also affect the quantification of γ-H2AX foci. Therefore, a standardized method for detecting γ-H2AX foci, including how to prepare the internal control, should be established for the practical use of the γ-H2AX foci assay in the evaluation of DNA damage induced by medical radiation exposure.
CHROMOSOME ABERRATIONS INDUCED BY MEDICAL IRRADIATION
Misjoining of the wrong DNA ends of DSBs leads to structural abnormalities of chromosomes. Among the chromosome aberrations, dicentric and ring chromosomes are unstable abnormalities, since cells carrying these abnormalities are defective in chromosome segregation, leading to cell death. Therefore, the scoring of dicentric chromosomes in lymphocytes arrested at the first mitosis after stimulation with phytohemagglutinin (PHA) has been established as the gold standard for the estimation of radiation dose after a recent exposure. In contrast, reciprocal translocations, which can be transferred to daughter cells, are stable abnormalities persisting for many years after radiation exposure. Scoring of translocations is useful for chronic radiation exposure estimations or retrospective studies of past radiation exposure. Although the dose response of the increase in abnormal chromosomes after low-dose irradiation (<100 mGy) is still unclear, there are several reports concerning chromosome analysis for patients receiving a CT scan, in which the sensitivity of the analysis was increased by analyzing >1000 cells per sample.
Conventional Giemsa staining analysis
Conventional Giemsa staining analysis is the most common method applied for the biological dosimetry of ionizing radiation, because of the short, easy staining procedures and low cost (Fig. 1B) . Using conventional Giemsa staining analysis, the increase in dicentric chromosomes after in vitro exposure of PBLs to radiation from a CT scan was observed, and the relationship between the chromosome abnormalities and the tube voltage/phantom size of the CT scanner was suggested [38] . For accurate evaluation of the radiation dose, only chromosome abnormalities in the first mitosis after the PHA stimulation of PBLs should be counted. For this purpose, the fluorescence plus Giemsa (FPG) method is used to identify the lymphocytes arrested at the first mitosis. Using the FPG staining method, a significant increase in dicentric chromosomes was observed in the lymphocytes from 10 pediatric patients <10 years old after a CT scan, while the increase in the older group of children from 10 to 15 years old was not significant [39] . This finding suggests that children <10 years old may be more sensitive to the low-dose radiation from a CT scan, as compared with older children. In contrast, a significant increase in chromosome aberrations in PBLs from adult patients after a CT scan has also been reported [40, 41] . These different results regarding the increase in chromosome abnormalities after a CT scan could be due to the radiation dose/conditions of the CT scan (Table 2 ). Another possibility is the interlaboratory variability in the scoring of dicentric ii124 • L. Shi and S. Tashiro chromosomes using Giemsa staining [42, 43] . The identification of abnormal chromosomes by Giemsa analyses is difficult and requires skilled technicians. Therefore, the IAEA recommends that laboratories involved in radiation dosimetry establish their own dose-response curves [12] . About 10 dicentric chromosomes in 100 cells are reportedly formed after 1 Gy γ-ray irradiation of human blood in vitro at a dose rate of~110 mGy/min [44] . Therefore, the scoring of >1000 cells is recommended for the estimation of radiation doses of <100 mGy, because of the low numbers of abnormal chromosomes. It would not be practical to apply the Giemsa-staining method to analyzing many samples manually for the evaluation of the effects of low-dose irradiation, including that from CT scans.
Chromosome analyses using FISH
The FISH technique can score abnormal chromosomes sensitively, easily and accurately, by marking specific DNA regions or chromosomes with different fluorescent dyes ( Fig. 1C and D) . Therefore, to overcome the difficulty in identifying the chromosomal aberrations in Giemsa-stained lymphocytes, the FISH technique has been applied for karyotyping. The probes used in the FISH analysis, however, are very expensive, especially those for differentially painting 24 chromosomes. This has led to widespread application of the analysis using three chromosome painting probes to estimate the numbers of chromosome translocations in biological dosimetry. FISH analysis using three chromosome painting probes failed to show an increase in translocations or chromosome aberrations in metaphase lymphocytes after a CT scan [41, 45] . This could be due to confounding factors, such as smoking and aging, which are also associated with chromosome translocations [46] . Chromosome translocations are stable abnormalities that can persist for many years, and a lifelong accumulation of chromosome translocations in hematopoietic stem cells may also make it difficult to detect the slight effects of low-dose irradiation in lymphocytes. The other possibility is the low sensitivity of the analysis, due to the detection of chromosome translocations involving only three chromosomes. To increase the accuracy of the translocation assay, FISH analyses using probes differentially painting 24 chromosomes (22 + X + Y) should be performed. PNA-FISH, using telomere and centromere PNA probes, can identify dicentric and ring chromosomes in PBLs after high-dose irradiation more easily and accurately than a Giemsa analysis [47] . Moreover, the PNA probes for centromeres and telomeres are not expensive. A telomere/centromere PNA-FISH analysis revealed an increase in dicentric chromosomes in lymphocytes from 10 patients after a CT scan [41] . Therefore, at present, the PNA-FISH analysis of dicentric and ring chromosomes could detect a slight increase in abnormal chromosomes after low-dose irradiation, such as from a CT scan. Further study is required to establish the usefulness of the PNA-FISH analysis in this point.
Assays for chromosomal aberrations require a lot of time, usually several days from the blood sample collection to the completion of the analysis, as compared with the γ-H2AX foci assay. Lymphocytes must be cultured in medium containing PHA for 48 h, for cell-cycle progression to obtain metaphase cells. The time and cost required for the staining and analyses differ quite a lot between the Giemsa and FISH staining methods. Giemsa staining is the fastest and least expensive, but the identification and scoring of chromosome aberrations is time-consuming work. FISH using chromosome painting probes is the most expensive and requires long-term hybridization of the probe with the target DNA, usually more than 12 h. As compared with Giemsa staining, FISH using chromosome painting probes is faster, easier and more accurate for chromosome analysis. PNA-FISH overcomes the disadvantages of Giemsa staining and FISH using chromosome painting probes, due to the short hybridization time, low cost and easily identified chromosome aberrations.
Due to the low numbers of chromosome aberrations induced by low-dose radiation, including that from CT scans, the analysis of more than 1000 cells is recommended to increase the accuracy. More than 3 h are required for the analysis of 1000 metaphase chromosomes, even in the PNA-FISH analysis of dicentric and ring chromosomes. Computer-assisted microscopy, such as the Metafer microscope platform (MetaSystems, Germany), can be used to search for all of the metaphase cells on slides and obtain highresolution images automatically. Similar to the γ-H2AX foci assay, the scoring of abnormal chromosomes can also be processed by software, such as DCScore and Ikaros. Since the detection efficiency of dicentric chromosomes by these software programs is low compared with that of human observers, dose-response curves for automatic or semi-automatic analyses are required for dose estimation [48, 49] . Automatic or semi-automatic chromosome aberration scoring has been suggested as a useful method for the rapid triage of potentially exposed individuals in a large-scale radiation accident [48, 49] . Therefore, the development of software to automatically and accurately identify abnormal chromosomes is awaited for the detection of the effects of low-dose medical irradiation.
Premature chromosome condensation
The fusion of interphase cells with mitotic cells or drug treatment can induce the condensation of chromosomes, in a phenomenon referred to as premature chromosome condensation (PCC) (Fig.  1E) . The combination of PCC with the chromosome staining technique is applied to the detecting of chromosome fragments or ring chromosomes in interphase lymphocytes after ionizing radiation exposure. Since few ring chromosomes are induced by low-dose irradiation, the PCC ring assay is suited for the estimation of the radiation doses of samples after high-dose radiation, usually >10 Gy [12] . For chromosome analyses, PCC fusion using mitotic cells is the fastest method of evaluating the effects of ionizing radiation, since the chromosome aberrations can be scored within several hours after blood sampling. PCC associated with the FISH technique using painting probes seems to be more sensitive, compared with the FISH analysis of metaphase lymphocytes using three chromosome painting probes. The numbers of translocations in metaphase lymphocytes showed no significant changes after a CT scan, using the samples from the same patients, but this could be due to the increase in chromosomal fragments in interphase lymphocytes immediately after a CT scan [45] .
The PCC assay requires skilled technicians, as is the case for chromosome analysis of Giemsa-stained samples. Some reports have noted the usefulness of software in the PCC analysis of samples after high-dose irradiation [50, 51] . The application of such software
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MN assay
MN are considered to result from a lagging acentric chromosome, or chromosome aberrations not included in the daughter nuclei, due to failed attachment to the spindle during the segregation of chromosomes in anaphase. The cell cycle progression of PHAstimulated lymphocytes can be blocked at the stage of cytokinesis after the first mitosis by using cytochalasin B, for the efficient detection of MN. Therefore, the cytokinesis-blocked MN (CBMN) assay has been established as a useful and sensitive method for the quantification of radiation effects on chromosomal DNA (Fig. 1F) . A significant increase in MN has been reported in lymphocytes from patients undergoing plain or contrast CT scans by the CBMN assay [40] . Computer-assisted microscopy and software are also used in the MN assay [52, 53] . Lyulko et al. reported the automatic generation of dose-response curves of MN by using the RABiT image analysis software, and the numbers of MN scored correlated well with the manual scoring results [54] . The automatic MN assay, however, has not been applied for evaluation of the radiation effects of CT scans.
SUMMARY
Adverse health effects from low-dose irradiation by a CT scan, especially possible associations with cancer risk, have been suggested, but such effects remain controversial. However, the induction of DNA damage by a CT scan examination has been clearly demonstrated by the γ-H2AX foci assay. Several reports have also suggested the induction of chromosome aberrations after a CT scan, using conventional chromosome analysis methods, but the technical difficulty of chromosome analysis has prevented the large-scale study required for evaluation of the effects of low-dose irradiation by diagnostic exposure. Recent advances in microscopy and image analysis will overcome this technical difficulty of chromosome analysis, by enabling high-throughput analysis of the minor increase in chromosome aberrations after low-dose radiation exposure. Moreover, recent advancements in biomedical science, such as the development of next-generation sequencers, will also make it possible to perform high-throughput analyses of genome information. Therefore, the combined applications of these new technologies will enable a breakthrough in understanding the biological and cytogenetic effects of low-dose irradiation, including CT scan examinations, in the near future. The development of these new technologies will also facilitate the establishment of precision medicine, by providing information about an individual's genome instability.
